To increase food production while minimizing its influence on climate change, 23 farming systems in future will need to reduce greenhouse gas (GHG) emissions per unit 24 of product (i.e., GHG intensity). To assess the level and variation in GHG emissions 25 intensity among Norwegian dairy farms, we conducted an analysis of 30 dairy farms to 26 calculate farm scale emissions of GHGs, expressed as CO2 equivalents (CO2eq) emissions was the source that contributed the most to the total variation among the farms; 37 the difference between the minimum and the maximum levels was estimated to be 0.30 38 kg kg CO2eq kg -1 FPCM, and 6.43 and 6.49 kg CO2eq kg -1 CW sold as culled 39 cows/heifers and young bulls, respectively. Other GHG emission sources also varied 40 considerably among the farms; similar to the N2O emissions, higher emissions of enteric 41 CH4, indirect energy use due to manufacturing of farm inputs, and soil C change all 42 contributed to the higher GHG intensity of some farms. Our study estimates large 43 variation in GHG intensity among dairy farms in Norway and indicates a sensitivity of 44 3 the emissions to mitigation measures. Production of milk and beef is a complex 45 biological system, thus mitigation options are likely to be most successful when applied 46 in small steps. Thus, the most valuable contribution of the current work is the framework 47 of an on-farm tool for assessing farm-specific mitigation options of Norwegian dairy and 48 beef production. 49 50 51
In general, dairy production is characterized by variation among farms and this 80 variation implies variation in GHG emission intensities (Kristensen et GHG emission intensities from Norwegian dairy and beef production would be helpful in 87 identifying suitable GHG mitigation options. Thus, our objectives were to: (1) develop a 88 whole farm model for estimating GHG emission intensities of milk and meat production 89 that encompasses the farms' natural resource bases and management; (2) estimate the 90 comprising young (Y) and old (O) soil C, input of total C from crop residues and manure 160 (i), two decay constants (k1 and k2; Table 1 ), a humification coefficient (h ; Table 1 ), a 161 farm specific index (re) accounting for the relative effects of soil moisture (rw) and soil 162 temperature (rT), and finally a soil cultivation factor (rc). For the individual farm, the rw 163 and rT indices and their product (rw × rT = re) are all estimated on a daily basis and 164 averaged over the year (cf. section 2.2). The rc is used to calculate the combined 165 environmental and managerial effect, r = re × rc. The differential equations of Andrén and 166 Kättrer (1997) The normalised root mean square error, weighted by the number of dairy farms from each 176 region in the present study, was less than five percentage units of the re index for 2008. 177
Direct emissions from diesel fuel and off-farm emissions of the manufacturing 178 and production of farm inputs are estimated using appropriate emissions factor for 179
Norway or Northern Europe (Bonesmo et al., 2012) (Table 1) . Emissions related to 180 purchased concentrates are estimated by first calculating the amount of energy and CP 181 they supplied in order to estimate the amount of grain and soybean meal comprised by 182 the concentrates. It is assumed that the grain replaced farm produced grain crops (barley 183 and oats) and that the soybean meal was imported from South America. The emissions 184 for purchased concentrates were then assessed as on-farm emissions from the individual 185 farm's production of barley and oats (including soil N2O, soil C change, and indirect and 186 direct energy use), and off-farm emissions from the production and import soybean meal 187 (Table 1) . If grains are not grown on the farm, then an average emission for barley and 188 oats grown in Norway is used (Bonesmo et al., 2012) (Table 1) . Emissions of soil N2O, 189 soil C change, and indirect and direct energy from excess on-farm feed crop production 190 are, similar to emissions from the farms' food crop production, not included in the total 191 farm emissions related to milk and meat production. (Table 2). The farms  206 were all in stable production, and thus the yearly average farm specific characteristics and 207 numbers of animals in each class were used as model inputs. Estimates of the time that 208 the animals spent on pasture for each class of cattle were from NILF (2009). The areas 209 (ha) and yields (kg ha -1 ) of barley, oats, spring and winter wheat were specified in the 210
Norwegian Farm Accountancy Survey (NILF, 2009) ( Table 2 ). The areas and the 211 farmers' estimates of grass silage yields were also available from the accountancy survey. 212
For some farms, however, the farmers' estimated grass silage yields from leys were less 213 than the animals' needs as calculated by our model because the leys also were grazed. In 214 those cases, the individual farm's grass yield was assessed as the calculated animal needs. 215
An additional 10% (DM basis) was added to all estimated grass yields to account for 216 losses due to ensilaging (IGER DOW, 2012) ( Table 2 ). Nine farms also had smaller areas 217 of low productivity native pasture in addition to the grass leys. The DM yields of these 218 pastures were calculated as the difference between total grass DM intake of animals and 219 grass silage DM. The farm specific cost of mineral fertilizer was available from the 220 accountancy survey. The on-farm use of mineral fertilizer was distributed among the 221 crops based on the Norwegian recommendations for N application levels for the various 222 crops; the relative rate of fertilizer application was: barley, 1.0; oats, 0.9; spring wheat, 223 1.2; winter wheat, 1.5; and grass production, 1.5. Based on these relative rates, the crop 224 areas (ha) and the typical mineral fertilizer types and their prices, the farm specific levels 225 of N, P, and K applied were estimated for the different field crops and the grassland. The 226 farm specific cost of pesticides was available from NILF (2009). The distribution of the 227 pesticide costs to the various crops was calculated using relative weighting factors: 228 barley, 1.00; oats, 0.51; spring wheat, 1.05; winter wheat, 1.71; and grass production, 229 0.15. These weighting factors were derived from the typical types and mean application 230 (Table 3) . A detailed description of the processing of the 253 farm's natural resource base data for field crops is given by Bonesmo et al. (2012) . 254
Additional steps for grasslands were: (1) the initial day of grass growth in spring was set 255 to the first day after April 1st that the 7-d mean temperature exceeded 5.0 º C; (2) from 256 January 1st to the initial day of growth, leaf area index (LAI) was arbitrarily set to 0. CO2eq for purchased feed were distributed to the two animal groups according to the 288 proportions of feed resources consumed by each group. These proportions were 289 calculated based on DMI and the proportions of forage and concentrate in the diet of the 290 groups. The emissions from the calves within group 1 were split between the females and 291 males, with the emissions for the male calves transferred to group 2, which comprised the 292 finishing bulls. 293
Within group 1 the fraction allocated to milk (ARmilk) was determined based on 294 the proportion of the herd's DMI required to supply the net energy required for FPCM 295 production (FL, kg DMI year -1 ) relative to the total DMI required to the supply the energy 296 for milk production plus the energy required for pregnancy and weight gain (FG, kg DMI 297 year -1 ), similar to the basis for the empirical relationship of IDF (2010) factor, ICBM yearly rw × rT index for external influence on soil C change, the emission 318 factor for fertiliser manufacturing (DNV, 2010), and the combined direct and indirect 319 emission factor for fuel use. As a base-case for the sensitivity analysis, the farm with the 320 emission intensity closest to the average GHG emission intensity was chosen. By varying 321 one parameter at a time, the emission intensities were re-estimated and related to the 322 base-case output. This approach enabled calculation of sensitivity elasticities expressed 323 as the percentage change in the GHG emission intensities caused by a one percentage 324 change in the selected key model parameters. The sensitivity of ARmilk, including its 325 impact on the GHG emission intensities, to level of milk production was calculated for 326 the base-case farm by varying milk production per cow without changing the feed 327 conversion efficiencies for milk production and growth. 328 329
Results 330
The average GHG intensities for the 30 dairy farms were estimated as: 1.02 kg 331
CO2eq kg -1 FPCM, 21.67 kg CO2eq kg -1 CW sold as culled cows and heifers, and 17.25 332 kg CO2eq kg -1 CW sold as young bulls (Table 4) . On average, enteric CH4 contributed 333 most to total GHG emissions; it was the largest source both for milk and meat production, 334 accounting for 0.39 kg CO2eq kg -1 FPCM, 8.34 kg CO2eq kg -1 CW for culled cows and 335 heifers, and 6.84 kg CO2eq kg -1 CW for young bulls. The second largest source was soil 336 N2O, accounting for 0.21 kg CO2eq kg -1 FPCM, 4.37 kg CO2eq kg -1 CW sold as culled 337 cows and heifers, and 3.08 kg CO2eq kg -1 CW sold as finished young bulls. The total 338 direct emissions from manure were similar in magnitude to soil N2O emissions. The soil 339 C balance was on average slightly positive (i.e., sequestration). The on-farm emission 340 from fuel use was on average the smallest GHG emission source, accounting for 0.05 kg 341
CO2eq kg -1 FPCM, 1.09 kg CO2eq kg -1 CW sold as culled cows and heifers, and 0.75 kg 342
CO2eq kg -1 CW sold as finished young bulls. Of the total farm GHG emissions, the direct 343 emissions from animals, including enteric CH4 and manure CH4 and N2O, accounted for 344 about 56% of the estimated emissions. 345
INSERT TABLE 4 HERE 347 348
The calculated AR were close to those estimated using the IDF (2010) equation; 349 for 60% of the farms the deviations were equal to or less than 5% (Fig 1) . Thus, the use 350 of the IDF (2010) predicted AR would on average give an estimate of CO2eq kg -1 FPCM 351 close to our estimates using a DMI based calculated ARmilk. 352
INSERT FIG 1 HERE 353 354
There was large variation in estimated GHG emission intensities among farms 355 (Table 4 ). The maximum GHG emission per kg FPCM was 1.7 times higher than the 356 minimum, a difference of 0.56 kg CO2eq kg -1 FPCM. For the GHG emissions per kg CW 357 sold, the maximum levels were three and two times higher than the maximum levels for 358 culled cows/heifers and young bulls, respectively, with differences of 25.5 and 11.2 kg 359
CO2eq kg -1 CW sold, respectively. The variation in the estimated soil N2O emissions was 360 the source that contributed most to the total variation in GHG emissions among the 361 farms. The difference between the minimum and the maximum levels for soil N2O 362 emissions was 0.31 kg CO2eq kg -1 FPCM, and 6.44 and 6.48 kg CO2eq kg -1 CW sold as 363 culled cows/ heifers and young bulls, respectively. Soil C change was the second largest 364 cause of variation, with differences between the minimum and the maximum levels of 365 0.23 kg CO2eq kg -1 FPCM, 6.87 kg CO2eq kg -1 CW sold as culled cows and heifers, and 366 3.10 kg CO2eq kg -1 CW sold as finished bulls. 367
In general, higher GHG emissions per kg FPCM could be explained by higher 368 emissions from soil N2O (regression slope 0.40, r 2 = 0.55), soil C loss (regression slope 369 0.32, r 2 = 0.49), and indirect energy use (regression slope 0.18, r 2 = 0.51) (Fig 2 A) , 370 whereas the variation in enteric CH4 was not significantly correlated to the variation in 371 total GHG emissions per kg FPCM (regression slope 0.04, r 2 = 0.06). The consequence 372 of this is that the proportion of emissions caused by enteric CH4 was lower at the farms 373 with higher GHG emissions per kg FPCM. Despite the decline in the relative contribution 374 of enteric CH4 with increased GHG intensity of FPCM, enteric CH4 emissions remained 375 the highest among sources. Similar trends were estimated for the GHG emission per kg 376 CW sold of finished young bulls (Fig 2 B) . The relative increase in emissions from soil 377 N2O was the highest (regression slope 0.39, r 2 = 0.54), followed by indirect energy use 378 (regression slope 0.16, r 2 = 0.72), and soil C loss (regression slope 0.14, r 2 = 0.19), 379 whereas enteric CH4 only increased slightly (regression slope 0.05, r 2 = 0.01) with 380 increasing GHG emission per kg CW sold as young bulls. 381
INSERT FIG 2 HERE 383 384
Examination of the correlations between selected farm data and the estimated 385 emission intensities per kg FPCM or per kg CW sold as young bulls revealed few strong 386 relationships (Fig 3) . There was an increase in GHG emission intensity per kg FPCM 387 with increased use of N fertilizer per ha of grass forage production (r 2 = 0.16), but no 388 significant relationship was observed between GHG emission intensity per kg FPCM and 389 milk yield per cow or gross margin per litre of milk. Similar relationships were found for 390 the estimated emission intensities per kg CW sold as young bulls (Fig 3) . There was an 391 increasing emission intensity with a higher rate of N fertilizer per ha in grass forage 392 production (r 2 = 0.28), whereas no relationship was observed for daily LW gain or gross 393 margin per kg CW sold as young bulls. factor is considered to be as large as ± 95%. As the effect of a change in the soil N2O 416 emission factor in our model is linear, the effect of a ± 95% error can be estimated to 417 cause an error of ± 14.3% in the total GHG emission per kg FPCM. The sensitivity 418 elasticities of the emissions factors related to fuel use and manufacturing were small. A 419 10% error in one of these factors (i.e., a combined emission factor for fuel of 3. There was a non-linear response in the ARmilk for changes in the level of milk 427 production (Fig. 4) . A 10% increase in herd milk yield gave an increase in the ARmilk of 428 3% accompanied by a decrease in the GHG emissions intensities both for milk and beef 429 by 5% as the emissions related to animal maintenance were distributed to a larger 430 quantity of product. 431 The IDF (2010) allocation approach was used in our study because it has been 497 recommended by the global dairy industry; it was not our intent to develop a new 498 approach. As the Norwegian red cattle is bred as a dual purpose breed (Sodeland et al., 499 2011), it was necessary to allocate emissions between meat and milk. The dual purpose of 500 the Norwegian red cattle is of importance as meat from dairy herds (males, surplus 501 heifers and culled dairy cows) constitutes as much as 75% of beef production in Norway 502 (Statistics Norway, 2010). However, it must be recognized that IDF (2010) biophysical 503 approach implies a bias towards allocation of GHG emissions from milk production to 504 beef production from culled cows and heifers. The calculation of AR attributes all the net 505 energy required for pregnancy to beef (for calf development), yet parturition is a 506 prerequisite for lactation. In theory, mitigation of GHG emission per kg milk and beef 507 can be achieved by increasing productivity (i.e., milk yield per cow and year or increased 508 CW per cow and year). For example, based on the responses in Fig. 4 an increase of milk 509 yield by ten per cent would reduce the emission to 0.97 and 16.39 kg CO2eq kg -1 product 510 as FPCM and CW sold as culled cows, respectively. As the milk yield per cow and year 511 is considerably lower in Norway than under similar production systems in Sweden and 512
Finland and the finishing of young dairy bulls on Norwegian farms is far from optimal 513 (Bonesmo and Randby, 2011) mitigation options for both in milk production and beef 514 production from the dairy herds are feasible. However, in a country with milk quotas, as 515 in Norway, an increase in milk yield would result in fewer dairy cows and less calves for 516 beef production. If this loss in beef production were to be replaced by a suckler cow type 517 beef production system, the net result may not actually lower total GHG emissions from 518 Norwegian agriculture. As the variation among the farms was higher for the GHG per kg 519 product for beef production than for milk production (Table 4) , a large mitigation 520 potential may be possible for meat production under this system. 521
Although theoretically, increasing animal productivity should reduce GHG 522 emission per kg milk and beef, studies that use real farm data indicate that this is not 523 always the case. Using farm data, Vellinga et al. (2011) found no reduction in GHG per 524 kg milk when production exceeded 6500 kg milk per cow and year. Similarly, our study 525 showed no significant relationship between milk yield and GHG emission intensity or 526 between daily LW gain and GHG emission intensity (Fig. 3) . Contradictory to what was 527 observed at Norwegian crop farms (Bonesmo et al., 2012) , no significant relationship 528 between gross margin per unit of product and GHG emission was found for the 30 dairy 529 farms. In crop production, the direct soil N2O emission is the largest GHG and N 530 fertilizer is the major input factor and cost. Dairy production is more complex and no 531 single input is dominant for the net GHG emissions. were comparable with the range of the soil N2O (not including N2O from manure storage) 561 per kg FPCM for our farms (Table 4 ). The N fertilizer use per area unit is higher in 562
Norway than in most other European countries (Eurostat, 2011 ). Yet the high variation in 563 direct N2O emissions among farms, and also the significant relationship between N 564 fertilizer application per ha and the GHG emission intensities (Fig. 4) , suggests options 565 for mitigation. However, the effect of a reduction in N fertilization rate is hard to predict 566 as it depends on how close the farm is to optimum N use (Vellinga et al., 2011) . Using 567 our method for estimating farm specific soil N2O emissions (Table 1) , the estimates were 568 2% lower than using the IPCC emission factor of 0.01 kg N2O kg -1 N supplied to soil. 569
The soils were cold, lowering the N2O emissions, and wet, increasing the N2O emission, 570 such that the multiplicative soil moisture and temperature index of the farms was on 571 average 0.95, ranging from 0.78 in winter to 1.12 in summer, resulting in a 2% lower 572 estimate compared with use of the IPCC emission factor because more N was supplied to 573 the soil in summer than in winter. Although the average impact was small, the farm 574 specific impact was significant; the farm specific index ranged from 0.73 to 1.14. 575
Emissions of CH4 and N2O from manure storage were together the third largest 576 source (Table 4 ). Using our approach (Table 1) Fig. 2) . Use of the ICBM 588 factors for ley was appropriate in our study because the ICMB factors refer to a classical 589
Scandinavian grass-crop rotation of only a few years in length (usually 2 to 6 years with 590 grass). In the current study, farms that had perennial grass production only had soil C 591 gain accounting for -0.08 kg CO2 eq per kg FPCM, whereas for the farms that also grew 592 crops (annual grain crops) had soil C loss accounting for 0.01 kg CO2 eq per kg FPCM 593 (p < 0.01). On average, soil C change for the farms in our study was close to zero, which 594 corresponds to equilibrium, and was due to the assumption of continuous grass or crop-595 grass rotation for 100 years. Thus, the variation among farms was mostly caused by the 596 weather conditions of the specific year. Based on similar assumptions, most other studies 597 do not include soil C change (Crosson et al., 2011) although the steady-state concept for 598 soil C for farms growing grass has been questioned (e.g., Soussana et al., 2007) . 599
On-farm emissions due to use of fuel was the smallest source (Table 4) 
Conclusion 607 608
The study estimated large variation in GHG emission intensity among dairy farms 609 in Norway (0.82-1.36 kg CO2eq kg -1 FPCM and kg 11.75-22.90 CO2eq kg -1 CW young 610 bulls), and further it indicated a sensitivity of the emissions to mitigation measures. 611
Application of tactical mitigation options (i.e., options tailored to the strategy of a 612 specific farm) to lower GHG emission intensity of meat and milk production assumes a 613 significant variation within the production system. Thus, estimating this variation is 614 considered more important than exact quantification of an average GHG emission 615 intensity of dairy farming as such. 616
Production of milk and beef is a complex biological system, and mitigation 617 measures invariably involve trade-offs at the farm level. These trade-offs may not be 618 accounted for in single sensitivity analyses. Therefore, mitigation options are likely to be 619 most successful when introduced gradually. Accordingly, we conclude that rather than 620 focusing on single measures, a holistic system approach, based on the distinctness of each 621 production system, is needed. 622
The HolosNor model takes into account the interactions between the farm's 623 natural resource base and its management. Thus, the most valuable contribution of the 624 current work is the framework of an on-farm tool for assessing farm-specific mitigation 625 options of Norwegian dairy and beef production. Soussana, J.F., Allard, V., Pilegaard, K., Ambus, P., Amman, C., Campbell, C., Ceschia 815 E., Clifton-Brown, J., Czobel, S., Domingues, R., Flechard, C., Fuhrer, J., Hensen, 816
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